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An effective method to determine the plastic strain at fracture and investigate the 
fracture energy of as-received and hydrided unirradiated Zircaloy-4 tubes in the hoop 
direction at room temperature was developed for ring compression tests through 
experimental and computational evaluation.  The hydrogen content was varied up to 610 
weight parts per million so that failure was consistently ductile.  A Gurson-based 
approach for ductile damage was used to model material failure.  Experimental test 
results and computational simulations modeled in Abaqus were integrated to directly 
determine plastic strain at fracture, and empirical fitting was used to investigate fracture 
energy.  As expected, increasing hydrogen content caused embrittlement of the Zircaloy-
4 samples tested and the plastic strain at fracture and fracture energy to decrease.  The 
developed procedure was demonstrated to directly determine plastic strain at failure and 
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1. INTRODUCTION AND GENERAL INFORMATION 
1.1 Introduction 
 
Nuclear cladding encases the fuel and acts as the first barrier against the release of 
nuclear material, especially during operation and transportation/storage of spent nuclear 
fuel (SNF).  As such, retention of the cladding’s mechanical integrity is crucial to prevent 
nuclear material release.  This becomes more challenging after reactor operation, where 
the high-temperature environment promotes hydrogen ingress, which eventually 
compromises the tube-shaped cladding’s ductility.   
The phenomena describing hydrogen embrittlement of nuclear fuel cladding has 
been well-established in the literature for years. In summary, hydrogen absorbed by the 
metal matrix precipitates to form brittle hydride platelets when the metal cools, reducing 
the ductility of the material [1-9].  The degree of this mechanical degradation from 
hydrides depends mainly on two factors: hydrogen concentration and hydride orientation 
[1-9].  Hydrogen concentration has been known to diminish the ductility around room 
temperature through increasing the hydride density [1,2,4,7-9], while reoriented hydrides 
introduce a low-energy fracture path by exposing the weaker hydride-metal interface to 
the larger circumferential stresses [4,5,8,9].  Since the discovery of the severity of radial 
hydrides, material and tube fabrication processes have been optimized to inhibit hydrogen 
ingress (reducing hydride density), and material states that motivate radial hydride 
orientations are more readily avoided (reducing possibility of radial hydrides) [10-13].  
With these new cladding alloys in mind, determining properties of relatively low 
concentration, circumferentially hydrided materials have become a more relevant part of 
the discussion. 
After reactor operation, the cladding assemblies are eventually loaded into 
concrete casks and transported offsite [4,8,9,13], subjecting the cladding to various loads.  
Typically, testing the safety of the SNF involves mechanical property studies including 




in-situ conditions of the cladding and fuel pellet structure during transportation and 
storage [7,14,15].  Even though the fuel pellets inside the cladding tube influence the 
mechanical response of SNF, the cladding is commonly tested on its own because the 
composite structure significantly increases the complexity of mechanical tests, and the 
ductility of the cladding on its own still plays a crucial role in SNF safety [14,15].     
In the nuclear industry the ring compression test (RCT) has been used by the 
Nuclear Regulatory Commission (NRC) to determine cladding tube ductility in the 
circumferential direction [16], an important property in evaluating the likelihood of 
cladding failure and possible fissile material release.  In general, this test method was 
developed to minimize the work required on the sample—an important feature when 
handling irradiated material—and the similarity of the test to in-situ loading events 
during transportation and storage after cladding is retired from reactor use.  Despite its 
convenience and applicability, ring compression testing does have some shortcomings. 
Specifically, displacement rates are generally held constant during RCTs, but because of 
large geometry changes, this loading condition corresponds to an inconstant strain rate 
making strain-rate sensitivity hard to quantify.  Further, obtaining material properties 
from the test typically requires an assumption that properties are isotropic and the same in 
compression and tension [7].  Finally, the maximum load is isolated to a small region that 
makes experimental strain values at this location difficult to measure [7].  Therefore, 
most methods to determine strain values from RCTs rely on finite element modeling [7].   
Attempts have been made to obtain anisotropic properties from RCTs, but there 
are difficulties in empirically fitting multiple parameters especially if they change with 
plastic deformation [17].  To this end, unless anisotropic tensors are known beforehand, 
finite element modeling with RCTs is used to determine yield stress and Young’s 
modulus and then empirically fitting to experimental data is applied to accurately 
simulate the strain-hardening portion of the stress response to a Holloman relation, all 
under an isotropic assumption [4,6,18-24].  After fitting the Holloman parameters to RCT 
results, works in the literature cut-off simulated results at the same displacements where 
experimental specimens failed, but an established method to determine failure properties 




Although using the exact tensor would be ideal when modeling the mechanical 
response of the material, determining that tensor poses many difficulties.  One way to 
determine the anisotropic tensor would be to take the tensor from the as-received material 
and adjust it based on the environments it experiences. Tracking these anisotropic 
properties through the entire life of the cladding would require intensive book-keeping, 
and the final properties would be accompanied by errors from imperfect models or 
imprecise environment characterizations during reactor use.  Another approach would be 
to directly measure these properties with post-reactor materials.  This approach requires 
exhaustive setup and testing to produce stress states that could isolate the 6 independent 
components of the plasticity tensors developed in the literature [10,17].  Extensive testing 
requires more material and a great deal of funding, and it becomes even less attractive 
with multi-phase layers from oxidation, fuel pellet-cladding bonding, precipitates, and 
other features created throughout the cladding’s life.  Due to these difficulties, a method 
that can determine isotropic mechanical properties including plastic strain at cladding 
failure during RCT gains merits provided that the errors accompanying the employed 
assumptions are acceptable relative to the cost and errors of the other methods.  To this 
end, a Gurson-based damage model was implemented in this work to obtain the 
equivalent plastic strain at fracture and estimate the fracture energy of Zircaloy-4 (Zry-4) 
nuclear cladding with varying concentrations of circumferential hydrides.  The addition 
of this model will more precisely determine ductility parameters of SNF specimens, and 
with some improvements has the potential to combine damage from the various types of 





   
2 LITERATURE REVIEW 
2.1 Nuclear Materials 
2.1.1 Zirconium in the Nuclear Industry 
 
Nuclear fuel cladding encases the nuclear fuel in the reactor; therefore, it is the 
first barrier against fuel release during operation, transportation, and storage.  As such, 
maintaining the cladding structural integrity is crucial to ensuring the safety of these 
procedures [13,15].  Zirconium-based alloys have been used as cladding materials in 
nuclear reactors primarily because their high-temperature corrosion resistance promoted 
more favorable mechanical properties after reactor service, and their low thermal neutron 
cross-section maintains the correct neutron and thermal economies to promote chain 
reactions [10-12].  With the backing of the nuclear industry, these materials were 
developed into alloys with improved corrosion resistance and mechanical performance 
while still maintaining satisfactory neutron conditions mainly by alloying with different 
elements or altering the forming processes [10-12].  Since reactor operating conditions 
vary based on design, specific improvements are not always suitable to the entire set of 
cladding alloys.  To this end, Zircaloy-2 and Zry-4 emerged as successful developments 
that are still used in modern reactors.  
More recently, newer zirconium-based alloys have been developed to further 
optimize cladding performance to allow for higher burnups, namely Zirlo, Duplex, M5, 
and E110 [10-12,26]. To produce higher energy yields in the future, the Gen IV reactors 
currently in development will be operated at even higher burnups, and novel corrosion-
resistant alloys have been invented (i.e. FeCrAl) [12].  With this outlook on the future of 
nuclear energy, the cladding candidates for Gen IV reactors do not use zirconium as the 
base metal with a few exceptions [12].  Despite their possible exclusion in the next ages 
of nuclear reactors, zirconium alloys and their mechanical response during transportation 
and storage will remain a necessary topic in the coming years for the safe deposition of 




2.1.2 Zry-4 as cladding material 
Zry-4 has been used as the cladding material in pressurized water reactors (PWR) 
and light water reactors since its development.  As a zirconium-based alloy, Zry-4 
exhibits hexagonal close-packed (hcp) crystalline structure, resulting in limited slip 
planes and higher anisotropy relative to metals with cubic structures [10,27].  
Furthermore, the fuel is stacked in cylindrical shapes to avoid critical masses or 
geometries, thus a tube-shaped cladding is needed to contain the fuel.  The tube-forming 
processes create strong texture in the cladding, meaning that grain orientations are not all 
the same [10,27].  The combination of hcp crystal structure, tube-forming texture, and 
annealing produces increased anisotropy from various sources, which requires a multi-
component tensor to describe the mechanical properties exactly.   
2.1.3 Hydrides 
Under accident and operating conditions in water-cooled reactors, waterside 
corrosion generates an oxide layer on the cladding surface, and hydrogen is released as a 
byproduct of the oxidation reaction [1-9].  Operating temperatures then motivate 
hydrogen ingress into the metal.  When the metal cools, the solubility limit of hydrogen 
decreases, thus hydrogen picked up in the metal matrix precipitates to form brittle 
hydride platelets reducing the ductility of the material [1-9], which is mostly attributed to 
the decreased stresses required for hydride-matrix separation [1,3,4].  The degree of this 
mechanical degradation from hydrides depends mainly on two factors: hydrogen 
concentration and hydride orientation [1-9].   
Increasing hydrogen concentration has been known to diminish the ductility through 
increasing the hydride density.  The significance of higher density is a statistical increase 
in hydride-hydride connectivity, so a smaller portion of circumferential loads are being 
carried by the ductile metal matrix [1,4].  To demonstrate this behavior, figure 1 taken 






Figure 1. Micrographs from: (a) Yan [1] and (b) Kim [4] depicting hydrided Zry-4 material with 
circumferential hydrides of varying concentrations.  (c) depicts the fracture path across the tube wall 
thickness.  Of note is the quality of the crack to travel in the wall thickness direction unless a 
circumferential hydride is present where the crack can propagate along the hydride-metal interface in the 




Zry-4 material as well as the crack path across the tube wall thickness.  Among other 
things, the discovery of hydride embrittlement in zirconium alloys has led to the 
development of alloys and optimization of fabrication processes that inhibit hydrogen 
ingress resulting in lower hydrogen pickup during reactor use.   
  If a circumferentially hydrided zirconium-alloy tube is exposed to moderate 
temperatures and certain stress states, the hydrides can be reoriented such that the hydride 
platelet normal is in the circumferential direction instead of the radial direction [1,4,5,8,9] 
as shown in figure 2 from Kim [4].  Radial hydrides present a lower-energy fracture path 
where circumferential stresses can separate the weaker hydride-matrix interface in the  
radial direction [1,4,9].  Similar to the progress made to reduce hydrogen concentrations, 
tube fabrication processes and post-reactor environments have also been optimized to 
avoid material states that motivate hydride reorientation.  As a result, determining 
mechanical properties and failure conditions of lower hydrogen concentration samples 
with circumferential hydrides becomes a more relevant part of the discussion.  
The holistic approach to investigate the mechanical performance of hydrided 
material is to combine the mechanical properties of the hydrides, hydride-matrix 
interface, and the anisotropic metal matrix with a hydride density characterization to 
obtain more realistic local mechanical responses.  A recent Gurson-based model by Le 
Saux et al. [3] achieves this with exceptional success, and recent [28] and future models 
that improve characterization of anisotropy and plastic flow could further improve these 
approaches.  These methods provide the groundwork for insights into the material 
Figure 2. Micrographs from Kim [4] showing Zry-4 at 137wppm with reoriented hydrides.  path across the 






behavior that drive material improvements, but they become increasingly difficult and 
expensive for evaluating irradiated materials. 
Various experimental procedures to calculate or measure the mechanical 
properties of cladding tubes are implemented because they can isolate material properties 
in single directions or mimic stress states or loading conditions of real and postulated 
failure modes.  As stated before, those that isolate some of the anisotropic mechanical 
properties, while important, become less attractive with more expensive materials 
because extensive testing is required to completely characterize the material.  For this 
purpose, those methods will not be discussed in detail here.  Other mechanical testing 
methods are developed to test against specific accident conditions, including but not 
limited to Reactivity Initiated Accidents (RIA) [2,7], Loss of Coolant Accidents [29,30], 
and conditions that might cause loss of nuclear material during transportation and storage 
after reactor use.  Desquines et al. [7] provides a thorough summary of these methods, 
although it is mostly to describe their applicability to RIA events.  Among the methods 
described there is the RCT, which due to the lower cost and resemblance to actual 
cladding loads during storage and transportation, is also used in SNF campaigns.  
2.1.4 SNF storage and transportation 
After cladding is retired from reactor use, the fuel assemblies, large structures to 
hold multiple cladding tubes in an array then stocked in concrete casks that are loaded 
onto trucks and transported off-site.  This process is shown in figure 3.  
In the event that a tube breaks, the fissile material within could conglomerate and 
create a mass or volume that reaches criticality.  During the transportation and storage 
process, the assemblies—and thus the cladding—are subject to various loads that may 
compromise their integrity.  Currently, to evaluate the likelihood of mechanical breakage, 
these loads are recreated through axial tension, ring compression, ring extension, and 





Figure 3. Fuel assembly structure and cask to store spent nuclear fuel.  These casks are eventually loaded 
onto a truck and transported off-site to be stored above ground indefinitely. Assembly, Cask and loading 






2.2 Ring Compression Tests 
2.2.1 Origins 
Most of the early literature on RCT is with aluminum or other metal alloys for 
their use as possible energy absorbers for vehicle impact [20,33,34].  The major works by 
Deruntz/Hodge [33], Burton/Craig [34], and Redwood [35] introduced analytical models 
for RCT based on different modes of collapse ultimately producing an equation to 
calculate Young’s modulus from Deruntz/Hodge [33] that is still in use today. Reid and 
Reddy [18-20] built on those works to develop a comprehensive RCT investigation 
involving experimental work and intense applied mechanics to better reproduce 
experimental results, obtain some mechanical properties, and explain various unique 
structural geometries that are observed throughout the tests.  Their model incorporated 
the traveling hinge on the top, flattening portion of the tube, a deformable circular arc 
around the 3 o’clock position, and a rigid circular arc that connects the other two 
components shown in figure 4 [18,19].  The combination of these three components 
makes up one quadrant of the ring. 
Despite their model’s reasonably accurate predictions, they stated that the use of a 
mean strain hardening modulus was the likely source of the errors present in their 
analysis.  It is worth noting that discrepancies between their theory and experimental 
results were negligible for mild steel but were significantly larger for Zry-4, and errors 
Figure 4. Analytical model from Reddy and Reid [18] 




were negligible at early displacement stages of the RCT but became more significant as 
the displacement was increased [19].  As expected from their errors in matching the load-
displacement RCT data, their reported plastic strain calculations agreed well with those 
measured by strain gauges for low RCT displacements with mild steel but started to 
diverge as plastic strain increased. They did not report calculated or experimental strains 
for Zry-4 specimens, but due to larger discrepancies in the global behavior, calculations 
with Zry-4 are expected to be less accurate than those with steel.   
2.2.2 Modeling 
Following the analytical groundwork by Reddy and Reid, the next developments 
focused on finite element modeling (FEM).  Leu [23] performed 2D finite element 
analysis to study the effect of various parameters on load-displacement results, buckling 
ratio, and ring shape of aluminum rings.  However, they did not match their ring 
shape/buckling to experimental data because they used other researchers’ experimental 
data, and they did not investigate any combined effects of these parameters.  Nemat-Alla 
[21] and Rathnaweera [22] developed iterative algorithms to fit simulated load-deflection 
curves to experimental curves, which allowed them to determine strain-hardening 
properties of Brass and aluminum tubes from RCT.  Bizet et al [24] used a Rayleigh 
distribution to assign probabilistic yield stress properties to each element to model 
macroscopic material behavior and show how modifying just one property improves 
modelling of macroscopic materials in RCT and axial tension testing of aluminum alloys.  
In their experiments they used Digital Image Correlation (DIC) to measure physical 
strains to compare with simulated strains and determined material properties from each 
test.  They also found that there were significant errors when transposing material 
properties found from one test to a different test.  However, it was only significant (>8%) 
when transposing properties from tension tests to ring compression tests. 
Except for Reid and Reddy’s work, the deficiency in all of these more recent 
works as they apply to nuclear claddings is that they were never tested to failure, so a 
method to determine the strain at fracture was not developed.  While Reid and Reddy did 




was too imprecise for plastic strain calculations at later deformations.  Furthermore, the 
critical strain location is isolated at the 3 o’clock and 9 o’clock OD positions, making 
experimental strain values unreliable with conventional strain gages [7,18].  
2.2.3 RCT for Nuclear Materials 
In the nuclear industry, the RCT, has been used by the NRC primarily as a 
screening test to determine cladding tube ductility in the circumferential direction 
[7,16,36]. 
For nuclear materials, Yamada et al [17] employed FEM to Zry-4 by using Hill’s 
yield criterion to incorporate anisotropy.  However, they did not match experimental 
results within a reasonable error, because the 6 components of the Hill’s criterion need to 
be updated based on hydrogen concentration and plastic deformation.  It is prohibitive to 
find properties of 6 interdependent variables.  Despite the shortcomings, some of which 
was because of the lack of high-power computational facilities at the time, their work 
produced more qualitative features of RCTs, specifically those from anisotropy.  Kim et 
al [4] investigated the hydrogen embrittlement during RCTs of Zry-4 tubes where they 
followed the procedure of calculating yield stress and elastic modulus from experimental 
tests and used a power law relation to model plastic behavior.  Both of those works were 
with 2D simulations, and no methods to determine plastic strains or fracture properties 
were reported.   
Rengel [6] has modelled the failure of unirradiated hydrided Zirlo specimens by 
using a small layer of cohesive elements in the failure location of the tubes with 2D 
simulations.  In that work, they iterated through simulations to find the cohesive-
equivalent, heterologous properties, so their simulations could reproduce the 
experimental load vs displacement curve.  Despite their strength in reproducing RCT 
data, there is difficulty in translating material properties modeled by delamination to 
properties for void nucleation, growth, and coalescence.  To illustrate, the properties from 
the literature and Rengel’s work are shown in Table 1 below.  This difficulty stems from 
cohesive elements’ inability to model the substantial axial direction strains, and the 




Furthermore, their method requires an iterative algorithm to find multiple fracture 
properties, resulting in the potential for future development of a direct method. 
2.2.4 Ductile Damage model 
To avoid interrupting the continuum and to better model the realistic complex 
stress state at the failure location, a material model that can be used in conjunction with 
the standard stress elements is required.  Recent plasticity and fracture models were 
developed that includes fracture strain’s dependence on stress state [37-40].  In those 
models, the stress state was described by the stress triaxiality (ST), which was defined as 








    (1) 
where σ1, σ2, and σ3 denote the principal stresses [37].  For comprehensibility, a chart 
from [38] is attached as Table 2 that shows the various ST values at common stress 
states.  With this stress state description, equivalent plastic strain, a scalar culmination of 
strain rate, history, and stress state, can be expressed empirically as a function ST.   
The integral criterion, shown in equation 2 (notation consistent with Abaqus) 









    (2) 
where ωD is the damage initiation criterion used to determine if failure has initiated.  
Specifically, once the total damage reaches unity, the element will begin losing load-loss 
capability.  In Abaqus, the damage value is updated incrementally following equation 3 






 ≥ 0    (3) 
so the damage at each analysis increment is summed until unity.  Since damage is 
updated incrementally, damage sustained at one stage of a mechanical test can still be  
 




changes (except for severe load path changes like tension-compression reversal [37]).  
Therefore, the combination of the equivalent strain function and damage criterion acts as 
a phenomenological failure process that can aggregate how much damage an element has 
sustained from previous stress states that includes sensitivity to stress state. 
This model has been successfully implemented in quasi-static and dynamic crash 
simulations of aluminium [37] and even in the nuclear industry for drop tests of steel 
canisters [38].  It is important to note that other works have improved the model from its 
base form with lode-angle dependence [39].  The damage model is tested in its base form 
in this work as a proof of principle, but there is potential for more precise analyses with 
damage model improvements in the future.  
  
Source Yield Stress (MPa)  
Literature 600-800 
RCT calculations 800 
Cohesive method 900 






Stresses ST Conventional name 
σ1 σ2 σ3 
1 0 0 1 Uniaxial Tension 
1 1 0 2 Biaxial Tension 
1 1 ¼ 3 Triaxial Tension 
1 ½ ½ 4 Triaxial Tension 
1 1 1 ∞ Triaxial Tension 
1 -1 0 0 Tension/Compression 
1 -1/2 0 0.378 Tension/Compression 
1 1 -1 0.5 Biaxial Tens./Comp. 
1 -1 -1 -0.5 Tens./Comp./Comp. 
-1 -1 -1 -∞ Triaxial Compression 
Table 2. Examples of stress triaxiality factor, ST (denoted TF by source), calculations with their 




3 MATERIALS AND METHODS 
3.1 Materials 
  
 This study focused on PWR cladding tubes manufactured with Zry-4.  Hydrogen 
contents ranged from as-received (~15 wppm) to 610 wppm. Material processing to 
prepare the tubes for PWR operation was expected, but the cold-work and annealing 
history of the material was not specified.  The specific cold-work and annealing histories 
were not specified, but the tubes were described by the vendor as ready for a PWR.  The 
tubes in this work had a wall thickness of 0.57 mm, an outside diameter (OD) of 9.51 
mm, and the lengths were >10mm. Table 3 shows the material composition of the Zry-4 
used in this work. 
3.2 Methods 
3.2.1 Hydriding Procedure 
 The hydriding system consists of a furnace with a sealed chamber that was 
brought to a vacuum, purged with argon, filled with hydrogen gas, then heated to 400-
450C to promote hydrogen ingress into the cladding tubes.  The system was optimized to 
produce the desired hydrogen contents based on the pressure of hydrogen in the chamber.  
The environment was left unaltered until the samples cooled to room temperature after 
the furnace was turned off.  The hydrogen contents were measured using the Inert Gas 
Fusion technique abiding by ASTM E1447-05.  More information on the hydriding 
system can be found here [1]. 
Alloy Fe Sn Cr Si O Hf Al Ti Zr 
Zry-4 0.22 1.26 0.1 0.01 0.13 - - - Balance 
Table 3. The material composition of the Zry-4 cladding used in this work.  Compositions are reported in 




3.2.2 Ring Compression Testing 
An RCT [1,4,6,16,17-24] consists of compressing a tube laterally between two 
steel plates as shown in figure 5.  Experimental RCTs were performed on an Instron 5966 
at room temperature, and the crosshead speed was kept constant at 2mm/min. 
3.2.3 Simulations   
RCT simulations were performed using an Abaqus 6.14-2 Explicit procedure, 
because explicit analyses are better-suited at handling large deformations and contact.  
Explicit analyses for quasi-static testing typically accelerate loads to significantly reduce 
runtimes, so special care must be taken to ensure that dynamic stress effects are omitted 
from results.  When defining loads in explicit models, Abaqus generally recommends 
keeping impact velocities lower than 1% of the material’s wave speed [41].  The typical 
wave speed of metals, 5000 m/s (or 5E6 mm/s), [41] was considered.  Under the 
assumption that Zry-4 would be within 1 order of the typical metal wave speed, impact 
velocities around 500 mm/s were deemed acceptable.  In this work, platen displacements, 
therefore impact velocities, were defined at 600mm/s to match the elastic and pre-damage 
plastic portions of RCT simulations.  In some cases, displacement speeds were reduced to 
200 mm/s if the creation of cracks created qualitatively significant oscillatory load 
Figure 5. Image of an RCT with a diagram showing loading plate direction and general stress states at the 




responses.  Furthermore, energy histories can be output from Abaqus simulations to 
ensure that the simulation is dominated by the quasi-static response instead of the 
dynamic response.  Particularly, this is performed by checking that inertial and kinetic 
energies of the material being modeled are negligible compared to the internal energies 
(stored energy through material stresses).  An energy output result from this work is 
shown in figure 6, which shows that the dynamic energies were indeed negligible 
compared to the internal energies. 
Simulations in 2D and 3D were performed to investigate length dependence 
effects and qualitatively verify the material model.  Specifically, 2D simulations were 
used because they have significantly reduced run-times.  However, because 2D 
simulations ignore changes in the length dimension, 3D simulations were required for 
length-dependence studies.  In this work, since samples were longer than their OD, a 
plane strain state was defined in 2D simulations [18-20].  Simulations in 3D were 
performed to verify that the determined material properties were length-independent, 
which was especially critical for fracture properties.  Due to the RCT symmetries, only 
1/8 of the sample was modeled for 3D simulations, and symmetric boundary conditions 
were applied.  Symmetries were not employed in 2D simulations.  Images from both 
simulation types are shown in figure 7.  
Figure 6. Energy outputs from simulations showing that dynamic energies are insignificant compared to 




In 2D simulations, linear quad elements were used with second-order accuracy 
and element deletion features enabled, and they were meshed with a structured technique.  
The remaining values were left as their defaults.  In 3D simulations, linear hex elements 
were used with second-order accuracy, element deletion, and reduced integration features 
enabled, and they were meshed with a structured technique.  Preliminary 2D simulations 
showed unnatural wavy behavior throughout the ring cross-section at high displacements 
as shown in figure 8.  This was remedied by the options in the precision tab of the job 
editor.  Specifically, the Abaqus/Explicit precision was set to double and Nodal output 
precision was set to full.  This addition was found to also reduce run-times, so it was 
implemented for 3D simulations as well. 
Mesh convergence studies were performed for 2D and 3D simulations.  For all 
simulations the mesh density was biased so the element length in the circumferential 
direction was equal to the length in the wall-thickness direction at the 12 o’clock, 3 
o’clock, 6 o’clock, and 9 o’clock positions, and gradually increased to three times the 
wall-thickness direction length at the midpoint between those locations.  For 3D 
simulations, the axial-direction length was the same as the wall-thickness direction 
length.  Based on these schemes changing the number of elements in the wall thickness 
dimension also refines the mesh in the circumferential and axial dimensions.  For 2D 
simulations it was observed that at least 8 elements through the wall-thickness (radial 
Figure 7. Images taken from Abaqus simulations with circumferential stress contours at low platen 





direction) were required to determine strain-hardening properties, and at least 14 
elements through the wall-thickness (radial direction) were required to determine the 
failure strain.  Similarly, for 3D simulations 8 through-wall thickness elements were 
acceptable for strain-hardening properties, but at least 10 elements through the wall 
thickness were required for failure strain determination.  With these meshes the 2D quad 
elements had dimensions of 0.041 x 0.041 mm2 at the 12, 3, 6, and 9 o’clock locations, 
and 0.041 x 0.122 mm2 at the 1:30, 4:30, 7:30, and 10:30 o’clock locations.  Similarly, 
the 3D meshes had dimensions of 0.057 x 0.057 x 0.057 mm2 at the 12, 3, 6, and 9 
o’clock locations and dimensions of 0.173 x 0.057 x 0.057 mm2 at the 1:30, 4:30, 7:30 
and 10:30 o’clock locations. 
During simulations the steel platens were assumed to be rigid, as is common in 
other RCT simulation applications [4,6,7,17-24].  This is assumed to be acceptable 
because the RCT is dominated by bending, which produces small loads compared to 
material properties of steel.  The contact coefficient between the platens and specimens 
was assumed to be 0.125 [6], but many studies have found that contact friction during 
RCT is negligible [18-20].  The mechanical properties were all assumed to be isotropic, 
and Poisson’s ratio was defined as 0.37 [14].  Strain-rate dependence was not added to 
the material model to limit the parameter space.  Therefore, the strain-rate experienced by 
the experimental RCT was effectively the reference strain rate.  Displacement rates for 
the experimental RCTs were slow, so little variance is expected.  However, transposing 
Figure 8. 2D simulation result showing unrealistic wavy effects that were fixed with the double precision 




properties determined with one displacement rate to a different displacement rate is not 
advised until future work explores its role. 
3.3 Determining Mechanical Properties 
 The process for obtaining material properties was separated into 3 zones based on 
material behavior as shown in figure 9.  The mechanical response of the specimen within 
each zone depends on varying parameters.  Specifically, the mechanical response in zone 
I is dominated by Young’s Modulus and yield stress, zone II is dominated by strain-
hardening parameters, and zone III is dominated by the damage criterion. 
3.3.1 Zone I 
The method to calculate yield stress from experimental RCT data is shown in 
equation 1 below 








   (4) 
where α is a geometric constant = 0.866 since lengths were larger than the OD of the 
tubes, Pc is the collapse load obtained from figure 10 taken from [21], and R, t, and l are 
the radius, thickness and length of the tube respectively.  This method was originally 
developed by Reddy and Reid [18-20].  The method to calculate Young’s Modulus from 











)  (5) 
where Pe and δe are the elastic load and deflection obtained from figure 10 from [21].  υ is 
Poisson’s ratio, which was taken as 0.37 in this work [14].  This method was originally 
developed by Deruntz and Hodge [33]. These methods have been used in multiple 
studies, so they will not be discussed in detail here [4,6,18-24]. Their methods require the 
sample lengths to be greater than or equal to their OD to create plane strain conditions at 
their mid-length.  For this purpose, rings were sectioned to 10mm lengths.  





3.3.2 Zone II 
Similar to what was done in previous works [4,6,18-24], the best-fit coefficient, 
K, and exponent, n, for the Holloman relation, shown in equation 3, for zone 2 were 
found through empirical fitting. 
σ = 𝐾ε𝑛    (6) 
This was done by first solving equation 4 below 
𝜎0 = 𝐾𝜀0
𝑛     (7) 
 to solve for the elastic limit strain, εo, with the yield stress and estimated coefficient and 
exponent.  The Holloman equation with the elastic limit strain is again manipulated into 
equation 5 below  
σ = 𝐾(ε0 + εp)
𝑛
   (8) 
with a linearly spaced vector of stress values (increments of 10 MPa in this work) to 
output corresponding values for εp, starting with σ = 𝜎0 and εp = 0.  The produced stress vs 
plastic strain table was input into the Abaqus material definition, and the simulation was 
performed.  Comparisons between that simulation and the experimental data dictated the 
next estimates for the Holloman coefficient and exponent, and the process was repeated 
until the simulations matched the experimental data up to failure. 
3.3.3 Zone III 
Material damage was modeled with the “damage initiation for ductile metals” 
material definition in Abaqus.  This material definition is a phenomenological Gurson-
based model that estimates material damage by assuming that the equivalent plastic strain 
at damage initiation is a function of stress triaxiality and strain rate [41] and after damage 
has initiated a fracture energy is required until the element completely loses load-carrying 
capability. A general mechanical response taken from Abaqus documentation with the 




The ductile damage model requires inputs for four properties: ST, plastic strain 
(εp-fail), strain rate, and fracture energy.  ST is the ratio of mean stress to the von Mises 
stress.  The plastic strain is specifically the plastic strain at the onset of damage.  The 
fracture energy is descriptive of the internal work that an element can undergo until it 
breaks.  After breaking, the element was deleted in the model, thus creating a crack.  
With this element deletion feature, the possibility of fracture testing is also investigated. 
The ST and plastic strain during the onset of damage at the failure location were 
directly exported from simulations after zone 1 and 2 properties were determined.  More 
description is given in the results section.  Since no equivalent plastic-strain vs ST 
properties could be found in the literature for Zirconium-based alloys, data for aluminum 
from Hooputra [37] shown in figure 12 was used as a guide.  Specifically, their results 
showed an exponential increase in plastic strain at failure as ST decreased from 1 to 0, so 
a linear increase in plastic strain was expected to be acceptable if not conservative.  
Higher fracture strains 10 and 0.5, were used at compressive ST, -0.6 and 0, respectively.  
These values were used to add continuity to the damage definition but also ensure that the 
model does not undergo unrealistic void-based damage at compressive stress states.  
Figure 11. General mechanical response from 
Abaqus [41] showing damage initiation at A and 
complete loss of load-carrying capability at B when 





Fracture energy, which dictates the work required for a surface to advance from 
damage onset to loss of load-carrying capability, is a necessary variable to apply the 
Gurson-based model.   This variable was found through empirical fitting by matching the 
slope of the experimental RCT response after failure initiation to the slope of the 
simulation RCT after failure initiation.   The load-loss progression was chosen to be 
linear to limit the parameter space.  
Strain-rate dependence was not included in the material model, implying that the 
experimental strain rate is the reference strain rate.  The damage definition requires an 
input, however, so the experimental displacement rate was used.  To clarify, this paper is 
not claiming that the displacement rate can be generally substituted for the strain rate, but 
that the material model in simulations did not account for strain rate dependence.  
Displacement rates for the experimental RCTs were slow, so little variance is expected.  
However, transposing properties determined with one displacement rate to a different 
displacement rate is not advised until future work explores its role.  An example of the 
material damage input used in this work is shown in figure 13. 
Figure 12. εpeq vs ST response of Aluminium from Hooputra [37] 
that guided the ductile damage properties used in this work.  Of note 
is the exponential increase in εpeq as ST decreases from 0.57 to 0.  In 
this work, εpeq is assumed to increase linearly as ST decreases from 





Figure 13. The εpeq vs ST response that was used in this work for Zry-4 material.  The tabular data shows 








4.1.1 Experimental RCTs with AR Zry-4 
Experimental data from RCTs performed at room temperature with different-
length as-received Zry-4 tubes are shown in figure 14 where the load is normalized by 
each specimen’s length, and the displacement refers to the top platen displacement.  
As-received Zry-4 cladding tubes exhibited high ductility showing no signs of 
damage until 5 to ~5.5mm displacement.  Material damage was apparent from load-
displacement behavior, and post-test examinations of the sample revealed visible cracks 
on the sample surface in the OD 3’oclock position.  These results show a strong length-
Figure 14. Experimental results of as-received Zry-4 RCTs of varied lengths.  Importantly, failure strain 
was not shown to be sensitive to specimen length as long as the length was greater than the OD.  However, 
fracture energy, shown by the slope of the load-loss portion, appeared to be sensitive to specimen length 




dependence of the displacement at failure of RCT specimens when the length was less 
than the OD, but the displacement at failure was less sensitive at lengths greater than the 
OD.  This was expected based on Reddy’s result that the stress state changes at smaller 
lengths [18-20].  Fracture energy for crack propagation is still highly dependent on 
sample length however, even at lengths greater than the OD.    
4.1.2 Experimental RCTs with hydride Zry-4 
Experimental data from RCTs with hydrided Zry-4 specimens are shown in figure 
15.  It was observed that as hydrogen concentrations increased, the specimens showed 
significant loss of ductility as expected [1-6,14].  The most obvious sign of embrittlement 
was the consistent decrease in the displacement at failure and the rate of load-loss after 
failure initiation as hydrogen contents increased.   
Figure 15. Experimental results of RCTs with Zry-4 with varied hydrogen concentrations.  The 
embrittlement of hydrided Zry-4 is apparent as the displacement at failure decreases as hydrogen 
concentrations increase.  The 1700 and 3680wppm specimens were 5mm long so their response is 
accompanied with some error.  They were included in this figure for completeness, but they were not 




Post-test examinations of samples with higher hydrogen contents revealed 
obvious cracks, most of the time through an entire wall thickness and axial length in at 
least one location.  Specimens that failed at displacements above ~2.7mm failed at the 3 
o’clock position, 9 o’clock position, or both, and specimens that failed below ~1.5 mm 
failed at the 12 o’clock position, 6 o’clock position, or both.  The experimental results 
revealed a large gap between the displacements at failure when the hydrogen 
concentration increased from 414 to 442 wppm, which is similar to the behavior of other 
work’s hydrided Zry-4 datasets [4]. 
4.2 Computational 
4.2.1 Simulations and mechanical properties for Zones 1 & 2 
The mechanical properties determined for each hydrogen concentration are shown 
in table 2.  The mechanical properties in plot form are shown in the discussion section.  
The Young’s Moduli from experimental RCT data were calculated with reasonable 
accuracy with respect to expected values from the literature [14,42].  Similarly, the final 
 2D 3D 
H content E (GPa) σys (MPa)  K n E (GPa) σys (MPa)  K n 
AR 89 790 1100 0.09 89 820 1125 0.09 
105 90 800 1125 0.09 90 820 1125 0.09 
130 92 780 1100 0.09 92 820 1100 0.09 
210 90 780 1100 0.09 90 820 1100 0.09 
370 92 790 1125 0.09 92 820 1150 0.09 
414 92 790 1125 0.09 92 820 1150 0.09 
442 87 790 1090 0.09 87 820 1100 0.09 
443 87 780 1090 0.09 87 820 1110 0.09 
610 87 790 1090 0.09 90 820 1110 0.09 
Table 4. Mechanical properties for zones I and II obtained with the process in this work for 2D plane-strain 




strain-hardening properties were close to expected results [43]. Yield stresses, however, 
were consistently calculated to be 780-820MPa, which is slightly higher than values 
measured from conventional testing [14,42] but is consistent with other works’ 
calculations from RCTs [4].   
Figure 16 below shows an example of simulations before failure definition that 
were matched to experimental results.  It was clear that .  An exceptional fit was achieved  
for zones 1 & 2. 
4.2.2 Final simulations results and Mechanical properties for zone 3 
  After zones 1 & 2 were matched to experimental results, the triaxiality and plastic 
strain at the displacement where the experimental and simulation results diverge are 
exported from the simulation.  These two are used as the ST and εp-fail input parameters 
for the damage model.  Figure 17 depicts this process. 
Figure 16.  Load-displacement response of simulated RCTs with varied strain-hardening properties compared to 




Final matched RCT results from this method are shown in Figure 18.  As shown 
by these results, the experimental RCT of samples > 10mm length were matched well by 
simulations including the fracture region in 2D and 3D.  After completing a 3D 
simulation with the properties found in 2D plane strain, small differences were seen in 
the predicted load (~5% difference) and predicted displacement at failure (~3%).  Despite 
the small size of these discrepancies, the parameters in 3D simulations were altered from 
those found in 2D simulations to match 3D simulations to experimental results.  The plot 
in figure 13a shows the original 3D simulation with 2D parameters as well as the 3D
Figure 17. The process to obtain εpeq and ST from simulation results by empirically fitting zone 1 and 2 





Figure 18. Overall results of matching Abaqus simulations with the Gurson-based model to the experimental results of specimens with varied hydrogen 
concentrations. Hydrogen concentrations in wppm are as follows: (a) AR (b) 105 (c) 130 (d) 210 (e) 370 (f) 414 (g) 442 (h) 443 (i) 610.  Exceptional fits 





simulation with updated parameters.  The rest of the plots show only the updated 
parameters for visibility.  From the plots it was apparent that the 2D simulations slightly 
underpredicted the plastic strain at failure, but they overpredicted fracture energy relative 
to their 3D simulation counterpart. 
The properties determined for the damage model for each hydrogen concentration 
specimen by this method are shown in table 5.  The mechanical properties are shown in 
plot form in the discussion section. The results in the “2D” columns were parameters 
determined from 2D simulations, and in the “3D” columns were found from updated 3D 
simulation-experimental matching.  The differences in damage parameters from 2D vs 
3D are apparent but acceptable for plastic strain at failure.  For fracture energy, 
differences between 2D and 3D simulations were more significant.  The clear trend 
representing decreasing plastic strain at fracture and fracture energy with increasing 
hydrogen contents was apparent for both simulation types. 
  
 2D 3D 
H content εfrac Frac. Energy εfrac Frac. Energy 
AR 0.28 5 0.32 1 
105 0.255 5 0.3 1 
130 0.25 5 0.31 1 
210 0.26 4 0.3 0.8 
370 0.25 1 0.22 0.01 
414 0.235 0.5 0.2 0.01 
442 0.084 0.5 0.065 0.01 
443 0.08 0.5 0.065 0.01 
610 0.035 0.1 0.015 0.01 
Table 5. Mechanical properties for the Gurson-based damage model 




4.2.3 Observation of RCT phenomena 
Figure 19 shows 2D plane strain simulations where the effect of yield stress and 
strain-hardening on the cross-sectional shape of RCTs at high displacements was 
demonstrated.  Based on experimental works [4,18-20], the ring is expected to separate 
from the platens at the 6 o’clock and 12 o’clock positions. Since the simulation without 
yield does not separate, but those with plasticity do separate, this phenomenon is 
concluded to be a consequence of ring yielding.  Furthermore, it was observed that strain-
hardening reduces the curvature of the RCT specimen cross-section. 
Moreover, anticlastic bending that was first reported by Reddy and Reid [18-20] 
was observed in 3D simulations.  Specifically, bending at the 3 and 9 o’clock ID 
positions at the specimen ends was exhibited and was expected to be caused by the high 
compressive stresses at the 3 and 9 o’clock ID mid-length locations.  Additionally, 
anticlastic curvature was observed at the 12 and 6 o’clock locations. 
 An analysis on the load increase for the elastic, perfectly-plastic (yield stress, no 
strain hardening) simulation was also performed.  It was observed, consistent with Reddy 
and Reid’s [18-20] discussion, that this load increase was due to a decrease in the 
bending moment arm at higher displacements as the RCT specimen dog-bones, moving 





Figure 19. 2D simulations with (a) only elasticity, (b) elastic-perfectly plastic, and (c) Holloman relation 





Figure 20. Simulation result with an elastic-perfectly plastic material model. As platen displacement 
increases, ring deformation results in movement of the contact point that decreases the moment-arm, A.  




5 DISCUSSION AND FUTURE WORK 
5.1 Discussion 
5.1.1 Length Dependence 
Based on experimental RCT results with different-length as-received Zry-4 
specimens shown in figure 13, displacement at failure is not significantly sensitive to 
specimen length provided the specimen is longer than its OD, although small 
discrepancies were observed.  These discrepancies were mainly attributed to geometric 
differences between the Zry-4 tubes versus those analyzed by Reddy and Reid.  
Specifically, the tubes used in this work were slightly thick-walled (diameter to thickness 
ratio was 18) whereas the tubes analyzed by Reid and Reddy were thin-walled (diameter 
to thickness ratio ranged from 28 to 50).  The main distinction between thin- or thick-
walled shells is the more substantial radial-direction strains with thick-walled shells.  
Further, some of the discrepancies were attributed to mechanical property specimen 
geometry tolerances shown by the small variance in mechanical response between same-
length samples. 
Fracture energy determination, however, was clearly sensitive to sample length, 
even at lengths greater than the OD.  This is mostly because as the crack propagates in 
the axial direction toward the specimen ends, the stress state near the crack front changes 
to that closer to plane stress.  Crucially, cracks on shorter-length samples will encroach 
on the specimen ends before longer-length samples.  Additionally, the lack of mesh 
refinement, crack-tip properties, true axial-direction properties, and metal matrix-hydride 
separation mechanics may have introduced errors in the crack propagation properties 
from these analyses.   
Although the differences between 10mm and longer-length specimens were small 
except for the fracture energy, they were found to be real.  This explains the differences 
in 3D simulations when they were run with the parameters determined from 2D 
simulations.  Future work with longer-length specimens would be required to verify that 




longer samples.  Fracture energy would require at least significantly longer samples, and 
potentially fracture mechanics modeling techniques. 
5.1.2 Large Displacement-at-Failure gap between 414 and 442 wppm 
From the experimental results with hydrided Zry-4, a large jump in displacement 
at failure was observed between 414 and 442 wppm.  The primary reason this gap is so 
large is because a hinge is developed at the 6 and 12 o’clock ID locations after 1.5mm 
displacement [18].  To demonstrate, Figure 21 shows the plastic strain at the mid-length 
12 o’clock ID and mid-length 3 o’clock OD positions.  After 1.5mm of displacement, the 
12 o’clock location of the ring flattens, so any further deformation results in hinge 
displacement instead of further strain at this location.  Additionally, plastic strains at the 3 
o’clock OD position do not surpass the plastic strain at the 12 o’clock location until 
roughly 2.7mm platen displacement, meaning deformation during these platen 
displacements does not produce more severe local damage.  This suggests that if failure 
has not been initiated by 1.5mm, it will not fail until 2.7mm or greater displacements. 
5.1.3 Mechanical Properties 
It is important to note that tests with new nuclear materials or those exposed to 
complex nuclear environments may not have reported comprehensive material properties 
to check results, so validating these methods for obtaining mechanical properties for 
known materials is crucial.  This affects the outlook of these methods as a technique to 
gain mechanical properties for emerging materials.  This becomes even more impactful 
considering the high costs required to setup and run more sophisticated mechanical 
property tests in hot cell environments. 
One possible explanation for the difference in Zry-4 yield stress compared to 
reported values could be that the outer diameter to wall thickness ratio (D/t) of the Zry-4 
tubes was slightly larger than the tubes tested by Reddy and Reid.  Specifically, the tubes 
tested by Reddy and Reid are unquestionably thin-walled shells, whereas the Zry-4 tubes 
are slightly thick-walled meaning that radial-direction deformations are more significant.  





Figure 21. (a) The plastic strain vs. displacement of a ring explaining the large gap at failure between 414 
and 443 wppm specimens.  The plastic strain at the 12 o’clock ID location reaches a maximum when a 
traveling hinge is formed there.  Further displacement results in displacement of the hinge instead of plastic 
strain at that location.  The 3 o’clock OD location does not reach that plastic strain maximum until 
~2.7mm. (b) (c) Images of 2D simulations at 1mm and 3.5 mm with circumferential stress contour 
showing the 12 o’clock ID maximum at low displacements and the 3 o’clock OD maximum at higher 




  Regardless of the mechanics, simulations with calculated Zry-4 properties matched up 
well suggesting that the calculations for those properties was acceptable. 
The zone I and II mechanical properties determined for each hydrogen 
concentration shown in table 2 were calculated through previous authors’ methods.  
Figure 22 below shows the zone I properties obtained from this method.  The Young’s 
moduli found in this work for different hydrogen concentrations was found to be 
consistent with the properties from literature [14,42,43] and insensitive to hydrogen 
contents like what is reported in the literature [4].  The yield stresses obtained from this 
work are slightly higher than the yield stresses obtained from other mechanical testing 
methods [14,42,43], but they were consistent with other works to obtain yield stresses 
from RCTs [4].  Further, they were found to be insensitive to hydrogen contents up to 
Figure 22.  The zone I properties calculated with the methods developed by Reddy and Ried [18-20] and 
Deruntz and Hodge [33].  Young’s Moduli were calculated to the same value as those found in the 
literature [14,42], and Yield Stresses were calculated to be similar to other work’s calculations from RCT 




600wppm, which is also reported in the literature [4].  Some of the discrepancy in 
calculated yield stresses with Reddy and Reid’s method to conventional tests was 
attributed to the slightly thick-walled geometry of the Zry-4 tubes or from Zry-4 
anisotropy, both of which were not factors for Reddy and Reid’s material [18-20].  
Regardless of the mechanics, simulations with the slightly over-calculated yield stress of 
Zry-4 with the isotropic assumption match with experimental results, suggesting that they 
are acceptable.  Figure 23 shows the zone II properties obtained from this work.  Strain-
hardening values were consistent with those reported by MATPRO for the as-received 
condition [43].  In this work, strain-hardening properties were found to be insensitive to 
hydrogen concentrations up to 600 wppm.  Other works did not report strain-hardening 
sensitivity to hydrogen concentrations up to 600 wppm; however, they also did not show 
data explicitly displaying that it was insensitive.  Moreover, experimental RCT results of 
higher hydrogen contents stacked on top of other experimental results for zones 1 and 2 
in this work and others [4]. 
Figure 23. The zone II properties obtained by empirically fitting RCT simulations to experimental results 
using a Holloman relation.  Both Holloman relation parameters were determined to be insensitive to 




Figure 24 shows the plastic strain at failure determined from this work.  It was 
observed that as hydrogen contents increased to 600wppm, the plastic strain at failure 
decreased as expected.  There were some discrepancies (~10%) between plastic strain 
values determined from 2D and 3D simulations.  These discrepancies were mostly 
attributed to be from the yield stress and strain-hardening property discrepancies from 
length-dependence.  If a computer algorithm were developed to match the zone 1 and 
zone 2 properties exactly, then discrepancies between 2D and 3D plastic strains are 
expected to decrease.  Le Saux et al. [5] reported hoop strains at failure between 0.55 and 
0.75 for as-received Zry-4 material from hoop tension and expansion due to compression 
tests.  Those tests would produce a different stress state at the failure location, which by 
the damage model, would imply that the plastic strain at failure should not be expected to 
be the same.  Furthermore, Desquines et al [7] reported failure strains of Zry-4 sheet 
Figure 24.  Plastic strain at fracture determined for the Gurson-based damage model from computational 
simulations.  Failure strains between 2D and 3D simulations were within acceptable margins implying that 
both simulation types are acceptable to determine this mechanical property.  A clear decreasing trend in 





material to be 0.15 wppm for as-received conditions tested in plane strain.  Discrepancies 
between their result and those reported in this work are expected to be from the tube-
forming processes that their Zry-4 sheet did not undergo.  Regardless of the cause of the 
discrepancies, the plastic strain values obtained by this method are within acceptable 
margins with their results.  Based on the results of this study, this method appears to be 
able to successfully recreate experimental RCT results and obtain plastic strain at failure 
from experimental RCTs provided the specimens are long enough.  Using experimental 
data with slightly longer RCTs may provide slightly improved results, but it does not 
appear to be required for acceptable results. 
Figure 25 shows the fracture energies obtained for Zry-4 tubes at different 
hydrogen contents obtained from this work.  Similar to the failure strains, the fracture 
Figure 25. Fracture energies obtained for the Gurson-based model by empirical fitting from this work.  
Based on reported values from the literature, 3D simulations can determine fracture energy within 
acceptable margins; however, 2D simulations significantly overpredict the fracture energy.  This is because  
the crack propagation in the axial direction causes the stress state at the crack front to change as it 




energy obtained from 2D and 3D simulations decreased with increased hydrogen 
concentrations up to 600 wppm.  A large gap between values obtained from 2D versus 
3D models was observed.  This gap was attributed to the 2D models’ inability to replicate 
realistic stress states at the crack front as the crack moves in the axial direction.  
Specifically, 2D simulations can only model crack propagation in the radial direction.  
However, in experimental samples, the crack propagates in the axial direction toward the 
sample ends [6].  As the crack front approaches the sample ends, it is not in plane strain 
anymore, meaning the 2D simulations’ plane strain assumption is no longer valid.    
Other errors associated with the fracture energy from a 10mm length sample could be 
attributed to the lack of fracture mechanics models and mesh refinement at the crack tip, 
but some error associated with length-dependence was also observed experimentally.  
Kim crudely calculated fracture energy by integrating force by displacement [4] and 
found that fracture energies range from 600 to ~10 KJ/m2 as hydrogen contents ranged 
from as-received to 1050 wppm.  Discrepancies between the results from this method and 
his results were expected due to the crudeness of Kim’s calculation method.  It was found 
that results from this new method were within an acceptable range of his results despite 
the difference in calculation methods.  
5.2 Future suggestions 
To properly obtain fracture energy, crack tip stress state changes in the axial 
direction are required unless experimental results are obtained from exceptionally long 
specimens, which is not possible for 2D simulations.  Therefore, further investigation of 
this method as a crack estimation technique would need to include matching 3D 
simulations with metallography or DIC to confirm that experimental results match those 
of simulations. Using simulations for precise fracture energy results might require 
fracture mechanics techniques such as refined meshes at the crack tip and Extended 
Finite Element Method [44].  Furthermore, a more rigorous approach could include more 
complex modeling that includes hydride-matrix interface properties and hydride-hydride 




modeling techniques, fracture energies from this method could still serve as an 
estimation.  
The damage model in this work is designed for use with void nucleation, growth, 
and coalescence, thus it is not designed to work for brittle specimens.  However, since it 
is a phenomenological model, its applicability is possible for more brittle samples.  If 
plastic deformation is low enough, specimens fail before the strain-hardening response 
begins, so the empirical fitting process to obtain those properties would be removed.  
Furthermore, the energy required to advance from failure initiation to crack initiation, the 
fracture energy input in ABAQUS, approaches zero, so arbitrarily low fracture energies 
that produce instant crack initiation at failure might be the only required parameter for the 
damage model.  If this kind of work is attempted, fracture energy insensitivity would 
have to be validated.  One major challenge with applying these methods to brittle 
specimens is when rings fail at relatively small displacements, there is not enough plastic 
deformation to calculate yield stresses with Reddy and Reid’s equation.     
Future work could involve 2D simulations to fit longer experimental tests or 3D 
fitting to investigate the technique’s effectiveness in determining fracture energy.  Those 
investigations could be further enhanced by using DIC to experimentally track strains or 
strain rates on the sample surface or post-test metallography showing the crack path.  
Another approach to determining more exact fracture energies could be to model hydride 
inclusions in the metal matrix by combining properties of the metal, hydrides, and 
hydride-metal interface, which would be much more involved. 
Bizet et al added a probability density function to their material model for 
simulations fitted to experimental RCTs with aluminum to allow for heterogeneous yield 
strengths to account for material defects [24].  They found that adding these heterogenous 
effects to their material model performed better when material properties from one 
mechanical testing method are transposed to a simulation of another testing method.  This 
approach could perhaps be applied with a probability density function for hydride-
hydride connectivity based off of metallographic analysis of hydride density. 
Since the shape of the ring cross-section during RCTs is highly sensitive to yield 




comparing it to the shape during simulations could qualitatively determine the viability of 
the isotropic or other assumptions made in the model.  Furthermore, this information 
could be used to inform anisotropic properties in attempts to obtain them from RCTs.   
Perhaps the largest strength of the damage model is its ability to aggregate 
damage from different stress states, meaning it can include damage from loading history.  
This becomes especially crucial in the case of SNF transportation and storage, where the 
cladding tubes are susceptible to lateral compression, bending, axial tension, vibration.  If 
the plastic strain vs triaxiality function can be filled out for at least the relevant stress 
states in transportation and storage, the model shows significant promise in being able to 
predict SNF safety.  Challenges with creating this general definition include anisotropy, 
which are more difficult and expensive to obtain and would require a stress state 
definition that was direction dependent.  Finally, incorporating fuel pellet and pellet-
cladding bonding to mechanical response models would further improve failure 
prediction capabilities; however, that creates a significantly more complex structure with 







This paper adds a Gurson-based ductile damage model to RCT simulations using 
an integrated approach with experimental RCTs to determine material properties of Zry-4 
cladding specimens.  Based on the results, 2D simulations can be implemented to obtain 
Young’s modulus, yield stress, and strain-hardening parameters.  Furthermore, they can 
match experimental RCT behavior including the fracture portion and determine plastic 
strain at fracture from 10mm ring specimens that does not require empirical fitting, but 
more precise strains could be determined from 3D simulations.  Fracture energy, on the 
other hand, requires minimal empirical fitting with 2D simulations matched to 
experimental samples that are longer length or 3D fitting at any length, but even these 
improvements could only provide estimates unless they include fracture mechanics 
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